Optical properties of p-type ZnO epilayers doped with different amounts of phosphorus by radio-frequency magnetron sputtering are investigated by x-ray diffraction, temperature dependent photoluminescence ͑PL͒, and time-resolved PL techniques. Bound exciton, free electrons-to-acceptors, donor-to-acceptor pair, and deep-level emissions are observed at about 3. 356, 3.32, 3.24, and 2.4 eV at 10 K for p-type ZnO, respectively. The crystal quality and luminescence efficiency are improved with increasing phosphorus doping concentration. These results show that phosphorus doping plays an important role both in reducing native defects and in generating shallow acceptors in ZnO, leading to a good p-type conductivity in ZnO. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2767993͔
The need for blue and ultraviolet solid-state emitters and detectors has propelled the investigation of wide band gap semiconductor in recent years. ZnO is a direct band gap semiconductor with a room temperature band gap of 3.37 eV and a large exciton binding energy of 60 meV. Recently, the research on ZnO has been actively conducted for use in the short wavelength optoelectronic devices, nanosensors, field effect transistors, optical switches, and solar cells. It also has amenability to wet chemical etching, a high radiation resistance, and relatively low material costs.
1,2 However, many problems remain to be solved in the growth of efficient and stable p-type ZnO for practical device applications. Up to now, considerable efforts have been made to produce p-type materials theoretically and experimentally. Group-V elements of N, P, As, and Sb were considered as p-type dopants and had produced p-type ZnO thin films.
3-9 Some groups accomplished p-type ZnO by controlling partial pressure of oxygen. 10 Recently, it has been reported that p-type ZnO can be fabricated with good reliability and reproducibility by radiofrequency ͑rf͒ sputtering a ZnO target doped with P 2 O 5 at high temperatures followed by a thermal annealing process. 9 However, the influence of phosphorus doping on optical characteristics of ZnO thin films with various phosphorus concentrations has not been investigated yet. In this letter, we have investigated the optical properties of the phosphorusdoped ZnO ͑ZnO:P͒ epilayers doped with different amounts of phosphorus by means of x-ray diffraction ͑XRD͒, photoluminescence ͑PL͒, temperature-dependent PL, and timeresolved PL techniques.
The ZnO:P and undoped ZnO samples used in this study were grown on c-plane sapphire substrates by rf magnetron sputtering method. The ZnO:P samples were prepared by using a ZnO target mixed with 1 -2 wt. % P 2 O 5 . A 0.4-m-thick ZnO:P layer was grown on a 1.5-m-thick undoped ZnO buffer layer at a growth temperature of 500-700°C for 2 h. Since the as-grown ZnO:P layer exhibits semi-insulator property, phosphorus dopants need to be thermally activated to act as an acceptor in ZnO:P layers. At rapid thermal annealing activation temperature around 800°C, most of the as-grown semi-insulating ZnO:P is converted into p-type ZnO:P. A 1.5-m-thick undoped ZnO sample, which was not thermally annealed after the growth, was prepared for comparison. Hall effect measurements were carried out on a ZnO sample with a size of 5 ϫ 5 mm 2 in the van der Pauw configuration using a direct current of 0.2 A and a magnetic field of 320 G in a Hall measurement system ͑BIO-RAD HL5500PC͒. In-Zn metal alloy was used as the contact material for the Hall effect measurements and the contact alloy on the ZnO:P sample was annealed in a furnace for 1 min in an Ar ambient. The hole concentration ͑N p ͒, carrier mobility, and resistivity of low ͑high͒-doped p-type ZnO:P were found to be 3.32ϫ 10 17 ͑1.75ϫ 10 19 ͒ cm −3 , 2.3 ͑3.25͒ cm 2 / V s, and 3.97 ͑0.11͒ ⍀cm, respectively. More details of the electrical properties and p-type conductivity of the ZnO:P samples were published elsewhere. 9 The structural properties of the undoped and p-type ZnO:P samples were characterized by XRD system. PL spectra were measured using the 325 nm line of a 15 mW cw He-Cd laser at 10 K. Temperature-dependent PL spectra were acquired using temperature-controlled cryostat in the temperature range from 10 to 300 K. Time-resolved PL experiments were carried out with a frequency-doubled, mode-locked ͑150 fs͒ Ti:sapphire laser system as an excitation source and a time-correlated single photon counting system for detection.
Figures 1͑a͒ and 1͑b͒ show symmetric ͑002͒ and asymmetric ͑105͒ XRD -scans for the three ZnO epilayers ͑i.e., undoped ZnO, low-doped p-type ZnO:P with N p = 3.32ϫ 10 17 cm −3 , and high-doped p-type ZnO:P with N p = 1. increasing phosphorus concentration. It has been known that the x-ray -rocking curves on the symmetric ͑002͒ plane are sensitive to screw-type dislocations, whereas the x-ray rocking curves on the asymmetric ͑105͒ plane are directly affected by edge-type dislocations. [11] [12] [13] Therefore, these results suggest that a reduction of dislocation densities and an improvement of crystal quality are achieved by phosphorus doping and postannealing effects that reduce the native defects of ZnO thin films.
Figures 2͑a͒ and 2͑b͒ show 10 K PL spectra of the three ZnO epilayers with different phosphorus doping concentrations. As seen in Fig. 2͑a͒ , all the samples show a dominant bound exciton ͑BX͒ transition at ϳ3.356 eV. The undoped ZnO sample shows donor-to-acceptor-pair ͑DAP͒ transition at ϳ3.1 eV with its longitudinal optical ͑LO͒ phonon replicas with a periodic spacing of ϳ72 meV.
14 Additional lowerenergy emissions than BX transition appear at ϳ3.32 and ϳ3.24 eV for p-type ZnO:P samples, which have been assigned to the free electrons to the acceptor transition and DAP transition ͑which will be denoted by DAPЈ in ZnO:P due to the different emission energies from DAP transition in undoped ZnO͒ in ZnO:P, respectively. 15 The intensities of these lower-energy emissions become stronger with increasing phosphorus doping, while DAP at ϳ3.1 eV disappears by phosphorus doping. This indicates that undoped ZnO possesses deep ͑native͒ acceptors, while p-type ZnO samples have a large amount of shallow acceptor due to doping of phosphorus. Figure 2͑b͒ shows PL spectra of the three ZnO epilayers with a wider spectral range. A green-colored, deeplevel broad emission is seen at ϳ2.25 eV for the undoped ZnO sample, whereas a greenish-blue-colored, deep-level emission appears at ϳ2.4 eV for both p-type ZnO:P samples. That is, the deep-level emission peak energy of p-type ZnO:P samples is blueshifted with respect to that of the undoped ZnO sample. It has been reported that the deep-level ͑green͒ emission in undoped ZnO is related to a variety of defects such as donor defect Zn interstitial ͑Zn I ͒, O vacancy ͑V O ͒, acceptor defect Zn vacancy ͑V Zn ͒, and antisite defect O substitutional Zn ͑O Zn ͒ due to the poor stoichiometry of ZnO. 13 These results reflect that p-type ZnO:P has very few native donor and acceptor defects, and that the observed DAPЈ and greenish-blue deep-level emissions in p-type ZnO:P are not due to the native defects but due to the phosphorus dopants in ZnO. By doping phosphorus in ZnO, we observed a dramatic suppression of both DAP ͑at ϳ3.1 eV͒ and green deep-level ͑at ϳ2.25 eV͒ emissions observed in undoped ZnO, but an emergence of DAPЈ ͑at ϳ3.24 eV͒ and greenish-blue deep-level ͑at ϳ2.4 eV͒ emissions. It is very interesting to note that the peak energy difference between the green and greenish-blue deep-level emissions is very close to that between DAP and DAPЈ emissions in undoped ZnO and p-type ZnO:P, respectively. This strongly suggests that phosphorus doping in ZnO mostly reduces the native deep acceptor states present in undoped ZnO ͑which are responsible for DAP and green deep-level emissions͒, and generates shallow acceptor states ͑which are responsible for DAPЈ at and greenish-blue deep-level emissions͒ in ZnO to show a strong p-type conductivity in ZnO:P. Figure 3 shows PL spectra of three samples at a temperature range from 10 to 300 K. The optical transition related to BX was predominant at low temperatures, while the free exciton ͑FX͒ transition became dominant with increasing temperature for all the ZnO samples. The FX peak positions of 300 K are in the range of 3.29-3.30 eV, which are well consistent with FX peak at 300 K in the literature. 3 We estimated the integrated PL intensities of the ZnO excitonic emission and the impurity-related deep-level emission with increasing temperature from 10 to 300 K. We found that the intensity ratio of 300-10 K PL ͑I 300 K / I 10 K ͒ for excitonic emission is much improved for the high-doped ZnO:P sample ͑I 300 K / I 10 K = 0.149͒, compared to the low-doped ZnO:P sample ͑I 300 K / I 10 K = 0.045͒, whereas the deep-level emission intensity ratio is slightly increased for the highdoped ZnO:P ͑I 300 K / I 10 K = 0.359͒ sample compared to the low-doped ZnO:P ͑I 300 K / I 10 K = 0.279͒. Therefore, luminescence efficiency of ZnO is improved with increasing phosphorus doping concentration. Figure 4 shows the Arrhenius plot of the integrated PL intensity of excitonic emission part for all the ZnO samples. From this plot, we estimated thermal activation energies of the ZnO samples. The activation energies were found to be about 77 meV ͑undoped ZnO͒, 56 meV ͑low-doped ZnO:P͒, and 57 meV ͑high-doped ZnO:P͒. Although the thermal activation energy of undoped ZnO sample is slightly larger than that of p-type ZnO   FIG. 1 . ͑Color online͒ ͑a͒ Symmetric ͑002͒ and ͑b͒ asymmetric ͑105͒ -scans for the undoped ZnO, low-doped p-type ZnO:P, and high-doped p-type ZnO:P samples, respectively.
FIG. 2. ͑Color online͒ ͑a͒ 10 K PL spectra of undoped ZnO, low-doped p-type ZnO:P, and high-doped p-type ZnO:P samples. ͑b͒ 10 K PL spectra with wider spectral range.
FIG. 3.
Temperature dependent PL spectra of ͑a͒ undoped ZnO, ͑b͒ lowdoped p-type ZnO:P, and ͑c͒ high-doped p-type ZnO:P.
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samples, these values are very close to the exciton binding energy of ZnO ͑ϳ60 meV͒. In order to investigate the recombination dynamics, we performed time-resolved PL experiments at 10 and 300 K for the three ZnO samples. Figure 5 shows the temporal evolutions of BX and FX transition intensities at 10 K ͑closed symbols͒ and 300 K ͑open symbols͒ together with instrument response function ͑IRF͒ profile. The measured lifetimes of BX transition at 10 K were about 24-26 ps and those of FX transition at 300 K were about Ͻ16 ps for all the samples, which were estimated by the deconvolution processes with IRF. The measured lifetimes are much shorter than the exciton radiative lifetime of about 322 ps in bulk ZnO, 16 indicating that the recombination in the ZnO samples is dominated by nonradiative processes even at low temperature. Interestingly, we did not observe much change in lifetime depending on the phosphorus doping concentration in our ZnO samples. This is probably due to the trade-off between a suppression of native defects ͑e.g., dislocations, O vacancies, Zn interstitial, etc.͒ and an incorporation of phosphorus dopants, which is confirmed by the XRD and PL results in Figs. 1 and 2 . Since the former will increase while the latter will decrease the nonradiative lifetime, almost the same measured lifetimes were obtained for all the samples. One may expect that the crystal quality generally becomes degraded with increasing doping concentration. In the case of unintentionally doped ZnO, however, it already possesses many kinds of native defects, as discussed earlier. Thus, not only the incorporation of phosphorus by doping but also the postannealing process as well as oxygen dissociated from P 2 O 5 during the film growth may be able to cure the native defects and thus improve the ZnO crystal quality. Therefore, we conclude that phosphorus doping plays an important role in not only reducing native deep-level acceptors but also in generating shallow acceptors in ZnO, resulting in a very good p-type conductivity in ZnO.
In summary, we have investigated the optical properties of p-type ZnO doped with different amounts of phosphorus by rf magnetron sputtering method. At 10 K, bound excitation and deep-level transitions are observed at about 3.356 and 2.25 eV for undoped ZnO, whereas bound exciton, free electrons-to-acceptors, donor-to-acceptor pair, and deep-level transitions are observed at about 3.356, 3.32, 3.24, and 2.4 eV for p-type ZnO, respectively. We found that the crystal quality and luminescence efficiency are improved with increasing phosphorus doping concentration. Decay times of bound exciton ͑free exciton͒ transition of ϳ25 ps ͑Ͻ16 ps͒ were found at 10 K ͑300 K͒ for all the samples regardless of the doping concentration, which was explained by the compensation of a suppression of native defects with an incorporation of phosphorus dopants. Therefore, the phosphorus doping method can provide excellent p-type conductivity in ZnO by reducing native defects and by providing shallow acceptors effectively in ZnO. FIG. 5. ͑Color online͒ Temporal evolution of BX and FX transition intensity at 10 K ͑closed symbols͒ and 300 K ͑open symbols͒, respectively, for undoped ZnO ͑circles͒, low-doped p-type ZnO:P ͑triangles͒, and high-doped p-type ZnO:P ͑squares͒ samples. IRF ͑black lines͒ profile was also shown for comparison.
